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1. Introduction {#s0005}
===============

Coronavirus disease 2019 (COVID-19) is an emerging infectious disease that has caused a global pandemic. Its causing agent is severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2), which belongs to betacoronavirus ([@bb0180]). Droplet and aerosol modes are considered the transmission routes of COVID-19 ([@bb0140]; [@bb0180]). Seven coronaviruses have been reported to have the ability to cause human diseases, and they show great similarities in species types and transmission patterns ([@bb0185]). Four human coronaviruses, including CoVHKU1, CoVNL63, CoVOC43, and CoV229E, were reported to cause seasonal epidemics commonly in the U.S. and some other countries ([@bb0045]; [@bb0090]). Although the seasonality of the COVID-19 epidemic remains unclear, the epidemics caused by other four common human coronaviruses have been confirmed to be correlated with season; the incidence rates of the epidemics caused by these four common human coronaviruses are higher in winter and lower in summer ([@bb0040]; [@bb0045]; [@bb0090]). However, the cause of seasonality is still not fully understood ([@bb0035]).

The wavelength of ultraviolet (UV) radiation in sunlight ranges from 100 nm to 400 nm, which are largely divided into three parts, including UVA (320--400 nm), UVB (260--320 nm) and UVC (200--260 nm) ([@bb0020]). Human coronaviruses, including SARS-CoV and SARS-CoV-2, are sensitive to UV radiation ([@bb0025]; [@bb0065]). The UVC is thought to be able to inactivate pathogens in aerosol and skin surface by forming pyrimidine dimers and causing DNA or RNA damage ([@bb0175]). Previous studies had suggested that more than 90% of the SARS-CoV-2 virus load will be inactivated after exposure to summer midday sunlight in the summer for 34 min ([@bb0130]). Moreover, more evidences have indicated the important role of vitamin D levels in the COVID-19 epidemic. Vitamin D, including vitamins D2 and D3, is a group of nutrients essential for human beings ([@bb0095]). COVID-19 confirmed cases and mortality rate in some European countries were reported to be negatively correlated with the mean vitamin D level ([@bb0060]; [@bb0080]). The same association was also been observed in countries 35 degrees south of latitude ([@bb0100]; [@bb0125]). Further, lower vitamin D levels were linked to higher mortality, and vitamin D supplementation could reduce the mortality rate of COVID-19 patients ([@bb0050]). Considering that vitamin D3 is mainly synthesized from 7-dehydrocholesterol in the skin under sunlight UVB ([@bb0070]; [@bb0095]), the above-mentioned correlations suggested that sunlight UV radiation might affect the COVID-19 epidemic.

This study is aimed to determine the correlation between the percent positive of human coronaviruses, including SARS-CoV-2 in the U.S. and the sunlight UV radiation dose. Since the ongoing COVID-19 epidemic will possibly become a long-term seasonal disease like other common human coronavirus diseases, our research may contribute to the deeper understanding of the mechanism underlying the seasonality and transmission processes in human coronavirus diseases.

2. Materials and methods {#s0010}
========================

2.1. Data collection {#s0015}
--------------------

To better understand the incidence of human coronavirus diseases in different areas of the U.S., the U.S. was divided into four census regions, as suggested by the U.S. Census Bureau suggested ([Fig. 1](#f0005){ref-type="fig"} ). The percent positive of four common human coronaviruses (CoVHKU1, CoVNL63, CoVOC43, and CoV229E) from July 2018 to June 2020 in each region was obtained from The National Respiratory and Enteric Virus Surveillance System (NREVSS) of the U.S. Centers for Disease Control and Prevention (CDC) (<https://www.cdc.gov/surveillance/nrevss/coronavirus/index.html>). The number of tests and confirmed cases of COVID-19 in the U.S. from April 17, 2020 to July 10, 2020 were obtained from Johns Hopkins University Center for Systems Science and Engineering (JHU CSSE) on GitHub (<https://github.com/CSSEGISandData/COVID-19>).Fig. 1Division of the U.S. into different census regions, as suggested by the U.S. Census Bureau.Fig. 1

Daily sunlight UV radiation dose integrated throughout the day is the effective UV irradiance (kJ/m^2^) that reaches the Earth\'s surface and longer sunshine duration leads to higher sunlight UV radiation dose under the same sunshine intensity. Data on the daily sunlight UV radiation dose data, including that on three different UV action spectrum doses (erythemal, vitamin-D and DNA-damage UV doses, which were computed depending on their different biological effects) were obtained from the operational Tropospheric Emission Monitoring Internet Service (TEMIS) ozone data archive (<http://www.temis.nl/uv-radiation/UVdose.html>). The data on the sunlight UV dose from TEMIS was compiled from surface atmospheric observation stations and Meteosat Second Generation (MSG) observations. The sunlight UV radiation dose at the mean latitude and longitude in the selected areas was used to approximate the UV dose in the whole area.

2.2. Statistical analysis {#s0020}
-------------------------

To analyze the correlation between the sunlight UV radiation dose and the human coronavirus diseases, Spearman and Kendall rank correlation tests were used to examine and determine the nonlinear relationships between the percent positive of the human coronaviruses and sunlight UV radiation dose. Spearman and Kendall rank correlation tests are non-parametric tests, which are not depending on the concrete values and distributions of the data ([@bb0015]; [@bb0085]). Spearman rank correlation is mainly used to measure the strength of the association between two variables, while Kendall rank correlation is mainly used to measure the ordinal association between two measured variables ([@bb0010]; [@bb0105]; [@bb0115]). Both those tests are sensitive to the rank and consistency, instead of the precise value of the variables ([@bb0010]; [@bb0015]).

The percent positive is the proportion of positive individuals in the total number of tested individuals. The monthly average percent positive of four common human coronaviruses was calculated from the weekly data obtained from NREVSS while the weekly average percent positive of SARS-CoV-2 was estimated from the weekly total tests and confirmed cases obtained from JHU CSSE. Fig. 2Geographical locations of the 24 selected counties in the U.S.Fig. 2

Due to the data of total COVID-19 test cases were absence in early transmission period in the U.S., percent positive of SARS-CoV-2 in the U.S. during that period was unavailable. We approximated the infectivity of COVID-19 during the early transmission period as follows ([@bb0160])$$R_{\text{average}}\left( {t,{\mathrm{\Delta}g}} \right) = \frac{C\left( {t + {\mathrm{\Delta}g}} \right) - C\left( t \right)}{C\left( t \right) - C\left( {t - {\mathrm{\Delta}g}} \right)}$$where *C*(*t*) represents the number of confirmed cases at time point *t*, Δg represents the generation interval, and R~average~ represents the approximation of infectivity. We set the generation interval as 5, 6, and 7 days, according to previous studies on the incubation period of COVID-19 ([@bb0055]; [@bb0180]). In this study, we selected 24 counties (one county with the highest number of confirmed cases up to April 30, 2020 on each latitude ranging from 24°N to 48°N was chosen; see Supplementary materials, [Table S1](#ec0005){ref-type="supplementary-material"}) outside the State of New York in the U.S. to study the relationship between the sunlight UV radiation dose and COVID-19 early transmission ([Fig. 2](#f0010){ref-type="fig"}).

3. Results {#s0025}
==========

3.1. Correlation between four common human coronaviruses and sunlight UV radiation {#s0030}
----------------------------------------------------------------------------------

The monthly average percent positive of four common human coronaviruses (CoVHKU1, CoVNL63, CoVOC43, and CoV229E) and the corresponding monthly total erythemal UV dose are shown in [Fig. 3](#f0015){ref-type="fig"}. The erythemal UV dose includes UVA and UVB doses, and it is considered the most commonly used standard for UV radiation dose ([@bb0030]; [@bb0170]). The monthly total erythemal UV dose from July 2018 to June 2020 in the U.S. largely ranged from 11.223 kJ/m^2^ (in December 2018, census region 1) to 176.855 kJ/m^2^ (in June 2020, census region 3). The results of the Spearman and Kendall rank correlation tests indicated that the monthly average percent positive of human coronaviruses and the corresponding erythemal UV dose showed significant negative association, as shown in [Table 1](#t0005){ref-type="table"} (the same association was also indicated from vitamin D UV dose and DNA-damage UV dose, as shown in Supplementary materials, [Fig. S1](#f0040){ref-type="graphic"}, [Fig. S2](#f0045){ref-type="graphic"}, [Table S2](#ec0010){ref-type="supplementary-material"}, [Table S3](#ec0015){ref-type="supplementary-material"}).

3.2. Correlation between SARS-CoV-2 and sunlight UV radiation {#s0035}
-------------------------------------------------------------

Since COVID-19 has spread further in the US, the number of total confirmed cases in the four census regions of the U.S. from April 17, 2020 to July 10, 2020 has shown different growth trends ([Fig. 4](#f0020){ref-type="fig"} ). The association between the weekly average percent positive of SARS-CoV-2 in the four census regions and the corresponding weekly total sunlight UV radiation dose is shown in [Fig. 5](#f0025){ref-type="fig"} and [Table 2](#t0010){ref-type="table"} . The results indicated that the weekly average percent positive of SARS-CoV-2 in census regions 1 and 2 (Northeast and Midwest regions) was significantly negatively correlated with the corresponding sunlight UV radiation dose, while that in census regions 3 and 4 (Southern and Western regions) appeared to be positively correlated. However, this association in census regions 3 and 4 was not statistically significant showing *p*-values 0.779 and 0.067, respectively, in the Spearman rank correlation test, and 0.784 and 0.1, respectively, in the Kendall rank correlation test.Fig. 3The monthly average percent positive of four common human coronaviruses (CoVHKU1, CoVNL63, CoVOC43, and CoV229E) and the corresponding monthly total sunlight erythemal UV dose in the four census regions of the U.S.Fig. 3Table 1The results of Spearman and Kendall rank correlation tests between the monthly average percent positive of four common human (CoVHKU1, CoVNL63, CoVOC43, CoV229E) and the corresponding monthly total sunlight erythemal UV dose.Table 1Virus speciesSpearman rank correlationKendall rank correlationr~s~*p*τ*p*Census region 1CoVHKU1−0.611[⁎⁎](#tf0005){ref-type="table-fn"}0.002−0.435[⁎⁎](#tf0005){ref-type="table-fn"}0.003CoVNL63−0.702[⁎⁎](#tf0005){ref-type="table-fn"}0−0.493[⁎⁎](#tf0005){ref-type="table-fn"}0.001CoVOC43−0.602[⁎⁎](#tf0005){ref-type="table-fn"}0.002−0.439[⁎⁎](#tf0005){ref-type="table-fn"}0.003CoV229E−0.406[⁎](#tf0010){ref-type="table-fn"}0.049−0.2790.056Census region 2CoVHKU1−0.2430.253−0.1740.234CoVNL63−0.3220.125−0.2390.102CoVOC43−0.497[⁎](#tf0010){ref-type="table-fn"}0.014−0.355[⁎](#tf0010){ref-type="table-fn"}0.015CoV229E−0.2880.172−0.2070.157Census region 3CoVHKU1−0.3110.139−0.210.15CoVNL63−0.738[⁎⁎](#tf0005){ref-type="table-fn"}0−0.514[⁎⁎](#tf0005){ref-type="table-fn"}0CoVOC43−0.657[⁎⁎](#tf0005){ref-type="table-fn"}0−0.478[⁎⁎](#tf0005){ref-type="table-fn"}0.001CoV229E−0.150.483−0.1160.427Census region 4CoVHKU1−0.1640.445−0.0980.503CoVNL63−0.482[⁎](#tf0010){ref-type="table-fn"}0.017−0.333[⁎](#tf0010){ref-type="table-fn"}0.022CoVOC43−0.543[⁎⁎](#tf0005){ref-type="table-fn"}0.006−0.413[⁎⁎](#tf0005){ref-type="table-fn"}0.005CoV229E−0.190.375−0.1280.385[^2][^3][^4]Fig. 4The total number of COVID-19 confirmed cases from April 17, 2020 to July 10, 2020 in the four census regions of the U.S.Fig. 4Fig. 5The weekly average percent positive of SARS-CoV-2 and the corresponding weekly total sunlight erythemal UV dose in the four census regions of the U.S.Fig. 5Table 2The results of percent positive of SARS-Cov-2 and UV radiation dose in the U.S.Table 2UV dose varietySpearman rank correlationKendall rank correlationr~s~*p*τ*p*Census region 1Erythemal−0.853[⁎⁎](#tf0015){ref-type="table-fn"}0−0.667[⁎⁎](#tf0015){ref-type="table-fn"}0.003VD−0.853[⁎⁎](#tf0015){ref-type="table-fn"}0−0.667[⁎⁎](#tf0015){ref-type="table-fn"}0.003DNA-damage−0.776[⁎⁎](#tf0015){ref-type="table-fn"}0.003−0.606[⁎⁎](#tf0015){ref-type="table-fn"}0.006Census region 2Erythemal−0.853[⁎⁎](#tf0015){ref-type="table-fn"}0−0.727[⁎⁎](#tf0015){ref-type="table-fn"}0.001VD−0.853[⁎⁎](#tf0015){ref-type="table-fn"}0−0.727[⁎⁎](#tf0015){ref-type="table-fn"}0.001DNA-damage−0.853[⁎⁎](#tf0015){ref-type="table-fn"}0−0.727[⁎⁎](#tf0015){ref-type="table-fn"}0.001Census region 3Erythemal0.0910.7790.0610.784VD0.0490.880.030.891DNA-damage0.0490.880.030.891Census region 4Erythemal0.5450.0670.3640.1VD0.5520.0630.3940.075DNA-damage0.587[⁎](#tf0020){ref-type="table-fn"}0.0450.4240.055[^5][^6][^7]

Furthermore, considering that the U.S. is located in the Northern Hemisphere where it is spring and summer from April to July, the current data did not include data of a full seasonal cycle yet. We calculated the weekly average percent positive of SARS-CoV-2 from March to August in five countries in the Southern Hemisphere with severe outbreaks (South Africa, Argentina, Chile, Bolivia, and Peru), and correlated them with the corresponding weekly total sunlight UV radiation dose, as supplementary. Due to the different seasonal patterns, it was autumn and winter in the Southern Hemisphere during this period, which may partly compliment the lack of seasonal data in the U.S. According to the results, the weekly percent positive of SARS-CoV-2 in four countries (South Africa, Argentina, Chile and Bolivia) showed a significant negative correlation with sunlight UV radiation dose while that in Peru showed negative correlation but without significant during that period (see Supplementary materials [Fig. S3](#f0050){ref-type="graphic"} and [Table S4](#ec0020){ref-type="supplementary-material"}). The results indicated that a negative correlation may also exist between the weekly total UV radiation dose and the corresponding weekly average percent positive of SARS-CoV-2 during autumn and winter.

3.3. Correlation between the sunlight UV radiation and the early transmission of COVID-19 {#s0040}
-----------------------------------------------------------------------------------------

The infectivity of COVID-19 from April 17, 2020 to April 30, 2020 in the U.S. was investigated to study the relationship between the sunlight UV radiation dose and COVID-19 early transmission. The 11-, 13-, and 15-day total sunlight erythemal UV doses and the corresponding R~average~ values at the different generation intervals are shown in [Fig. 6](#f0030){ref-type="fig"} . Spearman and Kendall rank correlation tests indicated significant negative association between sunlight UV radiation and COVID-19 infectivity during the early transmission period outside the State of New York, as shown in [Table 3](#t0015){ref-type="table"} . Despite the sunlight UV radiation dose variations can be caused by latitude or seasonal reason, similar negative correlation between sunlight UV radiation and the transmission of COVID-19 was observed. This further suggested that COVID-19 and other human coronavirus diseases might show similar seasonality.Fig. 6The R~average~ values at the different generation intervals (Δg selected as 5, 6, and 7 days) and the corresponding total sunlight erythemal UV doses (11-, 13-, and 15-day durations, respectively).Fig. 6Table 3The correlations between sunlight UV radiation dose and infectiousness of COVID-19 during the early transmission.Table 3Generation intervalSpearman rank correlationKendall rank correlationr~s~*p*τ*p*USΔg = 5−0.506[⁎](#tf0030){ref-type="table-fn"}0.012−0.333[⁎](#tf0030){ref-type="table-fn"}0.022Δg = 6−0.6[⁎⁎](#tf0025){ref-type="table-fn"}0.002−0.42[⁎⁎](#tf0025){ref-type="table-fn"}0.004Δg = 7−0.612[⁎⁎](#tf0025){ref-type="table-fn"}0.001−0.42[⁎⁎](#tf0025){ref-type="table-fn"}0.004[^8][^9][^10]

4. Discussion {#s0045}
=============

Our study mainly aimed to provide evidence on the correlation between the sunlight UV radiation dose and human coronaviruses. According to our analyses based on the data from the U.S. during 2018--2020, the sunlight UV radiation dose showed significant negative correlation with four common human coronaviruses (CoVHKU1, CoVNL63, CoVOC43, and CoV229E). The seasonal variation in sunlight UV radiation dose could partly explain the seasonality of four common human coronaviruses which were reported in previous studies ([@bb0040]; [@bb0090]).

The other coronavirus, SARS-CoV-2, also showed significant negative correlation with the sunlight UV radiation dose in some regions (census regions 1 and 2) of the U.S. However, in census regions 3 and 4 of the U.S., the association between the weekly percent positive and the corresponding sunlight UV radiation dose was not statistically significant, since the *p*-values obtained in the Spearman and Kendall rank correlation tests did not meet the standard level of significance (*p* \< 0.05). This uncertain correlation in census regions 3 and 4 might be related to the different public health policies in different regions.

Recent studies have suggested that the severity of the COVID-19 epidemic may be closely related to climatic factors, including the UV radiation dose ([@bb0005]; [@bb0135]; [@bb0145]). And the role of particulate matter (PM) and aerosol in COVID-19 transmission has been increasingly recognized ([@bb0075]; [@bb0110]; [@bb0120]). Severe COVID-19 outbreaks in some areas may be associated with lower UV radiation dose in those areas ([@bb0135]). A study of the provincial-level regions in China from December 2019 to April 2020 showed a negative correlation between the number of infections and the latitude ([@bb0150]). The results of these existing studies supported our finding that the UV radiation dose might play an important role in COVID-19 transmission. Additionally, PM and aerosol were reported to be important vectors for COVID-19 transmission, and the chemical properties of aerosols might affect SARS-CoV-2 survival and transmission ([@bb0120]; [@bb0155]; [@bb0165]). According to a previous study in Italy, the average concentration of PM on the ground in Milan was strongly associated with the number of COVID-19 confirmed cases ([@bb0190]). Inactivation of pathogens in aerosols and PM by sunlight UV radiation might be the underlying mechanism for this correlation.

However, our study still had some limitations. First, the sunlight UV radiation dose is the cumulative total of the effective UV irradiance received from sunlight over a period. For areas with different sunshine intensities, higher UV radiation dose did not necessarily correspond to higher UV radiation intensity. Therefore, the relationship between the UV radiation intensity and human coronaviruses remains to be studied further. Second, the study on the role of sunlight UV radiation in the early transmission of COVID-19 is limited to the source of the data, which was not discussed in depth in this study. Third, although the percent positive of SARS-CoV-2 in the five countries in the Southern Hemisphere, where it was autumn and winter, showed a similar negative correlation with the sunlight UV dose, the data of the U.S. has not reached a fully seasonal cycle yet. Hence, a clearer relationship between the percent positive of SARS-CoV-2 and the sunlight UV radiation dose in the U.S. still requires more data and further confirmation. In addition, COVID-19 is an emerging infectious disease and more research must be performed on the COVID-19 transmission processes. Thus, the role of the sunlight UV radiation dose in the COVID-19 epidemic, especially for the effects of the sunlight UV radiation on the seasonality and early transmission of COVID-19, may be very complicated. At least, our research indicated that the sunlight UV radiation probably showed a negative correlation with COVID-19 infectivity during its early transmission period, and this may contribute to future research.

5. Conclusion {#s0050}
=============

This study provided some evidence on the possible negative correlations between the sunlight UV radiation dose and the percent positive of five human coronaviruses (SARS-CoV-2, CoVHKU1, CoVNL63, CoVOC43, and CoV229E). Our study indicated significant negative correlation between the percent positive of four common human coronaviruses (CoVHKU1, CoVNL63, CoVOC43, and CoV229E) and the sunlight UV radiation dose in the U.S. Higher sunlight UV radiation dose might be related to lower percent positive of human coronaviruses. However, although SARS-CoV-2 might show a similar negative correlation with the sunlight UV radiation dose, further research and verification based on the update data in the future are needed to account for the variations in the seasonal cycles. We will continue to focus on this study area in future studies, since they may be beneficial for providing more insights into COVID-19 prevention and treatment.

The following are the supplementary data related to this article.Fig. S1The monthly average percent positive of four common human coronaviruses (CoVHKU1, CoVNL63, CoVOC43, and CoV229E) and the corresponding monthly total sunlight vitamin D UV dose in four census regions of the U.S.Fig. S1 Fig. S2The monthly average percent positive of four common human coronaviruses (CoVHKU1, CoVNL63, CoVOC43, and CoV229E) and the corresponding monthly total sunlight DNA-damage UV dose in four census regions of the U.S.Fig. S2 Fig. S3The weekly average percent positive of the SARS-CoV-2 and the corresponding weekly total sunlight erythemal UV dose in five countries in the Southern Hemisphere with severe outbreaks (South Africa, Argentina, Chile, Bolivia, and Peru).Fig. S3 Table S1The geographical locations and total confirmed cases up to 30 April,2020 of 24 selected counties in the U.S.Table S1 Table S2The results of Spearman and Kendall rank correlation tests between the monthly average percent positive of four common human (CoVHKU1, CoVNL63, CoVOC43, CoV229E) and the corresponding monthly total sunlight vitamin D UV dose.Table S2 Table S3The results of Spearman and Kendall rank correlation tests between the monthly average percent positive of four common human (CoVHKU1, CoVNL63, CoVOC43, CoV229E) and the corresponding monthly total sunlight DNA-damage UV dose.Table S3 Table S4The results of Spearman and Kendall rank correlation tests between the weekly average percent positive of SARS-CoV-2 and the corresponding weekly total sunlight erythemal UV dose among five Southern Hemisphere Countries.Table S4
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